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Background:  Isoprenaline  (ISO)  acts  through  -adrenergic  receptors  to  increase  the  intracellular  Ca2+,
which  has  effects  on  action  potential  duration  (APD)  restitution  and  arrhythmogenesis.  Thus,  we
investigated  the  effect  of  chronic  stimulation  with  isoprenaline  on APD  restitution  and  ventricular  tach-
yarrhythmias  (VA) in the  rabbit  heart.
Methods  and results:  Rabbits  were  randomly  selected  to receive  an injection  of isoprenaline  (ISO  group)
or an  equal  volume  of  0.9%  saline  (CTL group).  The  S1–S2 protocol  (n = 15) and  S1 dynamic  pacing  (n  =  15)
were  performed  to  construct  APD  restitution  and  to  induce  APD  alternans  or arrhythmia  in  10  sites  of
Langendorff-perfused  hearts.  Compared  with  the same  sites  in  the  control  group,  long-term  ISO adminis-
tration (7  days)  shortened  the  APD90 and  the  effective  refractory  period  (ERP),  and  greatly  increased  theentricular arrhythmia spatial  dispersion  of APD  and  ERP  (p  <  0.01).  Compared  to  CTL group,  the APD  restitution  curves  were  sig-
niﬁcantly  changed  (p  <  0.01)  and  showed  increased  spacial  dispersion  of  maximal  slope  (Smax)  among  each
site in  the ISO  group  (p < 0.05).  In  induction  of  VA and  APD  alternans,  the  threshold  of VA and  alternans
was  both  decreased  in  each  site  of  the  ISO  group.
Conclusion:  Chronic  stimulation  with  ISO  facilitated  VA,  possibly  through  the  increased  spatial  dispersion
2  Jap
of  APD  restitution.
©  201
. Introduction
Isoprenaline (ISO) acts through -adrenergic receptors to
nduce an increase in diastolic [Ca2+]i and intracellular Ca2+ over-
oad [1].  Dysregulation of intracellular Ca2+ homeostasis mediates
yocardial injury and can lead to alterations in cardiac repolar-
zation. Reliable cardiac hypertrophy, which can be induced by
hronic ISO stimulation, is associated with arrhythmias, myocardial
emodeling, and progression to heart failure [2].  However, little is
nown about the electrophysiological mechanisms of chronic ISO
timulation-related arrhythmogenesis.
Restitution of the action potential duration (APD) carries a risk
f ventricular ﬁbrillation. A steepened slope of the APD resti-
ution curve could promote breakup of electrical waves into a
brillation-like state, contributing to the dysregulation of intracel-
ular Ca2+ homeostasis [3,4]. Given its effects on intracellular Ca2+,
SO may  alter APD restitution and lead to arrhythmogenesis during
ts chronic injury of the heart.
∗ Corresponding author at: No. 238 Jiefang Road, Wuchang District, Wuhan City,
ubei Province, China. Tel.: +86 027 88041911; fax: +86 027 88041911.
E-mail address: huangcongxing@yahoo.cn (C. Huang).
914-5087/$ – see front matter © 2012 Japanese College of Cardiology. Published by Else
ttp://dx.doi.org/10.1016/j.jjcc.2012.08.016anese  College  of Cardiology.  Published  by  Elsevier  Ltd.  All rights  reserved.
In this study, ISO-induced chronic injury of the rabbit
myocardium was  used as an experimental model. We  examined the
effects of chronic ISO on APD restitution, cardiac repolarization, and
ventricular arrhythmia (VA) in isolated rabbit hearts perfused by
the Langendorff technique. Our ﬁndings indicate that chronic stim-
ulation with ISO greatly increased the dispersion of APD restitution
and repolarization, which facilitated VA.
2. Materials and methods
2.1. Experimental animals
Experiments were performed on healthy adult male New
Zealand White rabbits (2.5–3.0 kg) from the Experimental Ani-
mal  Center of the Medical College of Wuhan University. All
protocols conformed to the Guide for the Care and Use of
Laboratory Animals published by the US National Institutes of
Health (NIH Publication No. 85-23, revised 1996). Experiments
were approved by the Animal Care and Use Committee of Ren-
min  Hospital of Wuhan University. New Zealand White rabbits
(2.0–2.5 kg) were randomly selected to receive either an injec-
tion of ISO (300 g/kg/d, i.v.) or an equal volume of 0.9% saline
(1 mL/kg/d) for 7 days (1/3 total dose/8 h) [5].  Echocardiographic
vier Ltd. All rights reserved.
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Table 1
Anatomic and echocardiographic characteristics in CTL and ISO groups.
CTL (n = 15) ISO (n = 15)
BW (kg) 2.1 ± 0.4 2.3 ± 0.6
HW (g) 7.8 ± 1.2 10.9 ± 2.0*
LVW (g) 3.5 ± 0.3 6.1 ± 1.1**
HW/BW (g/kg) 3.7 ± 0.8 4.7 ± 1.0*
LVW/BW (g/kg) 1.6 ± 0.3 2.7 ± 0.5*
IVSD (mm)  2.2 ± 0.2 2.9 ± 0.2*
LVPWD (mm)  1.9 ± 0.2 2.3 ± 0.2*
LVDD (mm) 12.5 ± 1.8 14.9 ± 1.5*
LVSD (mm) 7.9 ± 1.2 9.2 ± 1.4**
LVEF (%) 76.7 ± 6.7 43.2 ± 5.9**
LVFS (%) 42.2 ± 4.9 26.9 ± 5.3**
CTL, control; ISO, isoprenaline; BW,  body weight; HW,  heart weight; LVW, left
ventricular weight; IVSD interventricular septum, diastolic; LVPWD, left ventricu-
lar  posterior wall dimensions; LVDD, left ventricular diastolic diameter; LVSD, leftM.  Qin et al. / Journal of C
mages were obtained and cardiac structural alterations were
nalyzed.
.2. Preparation of Langendorff-perfused hearts
Animals were anesthetized [90 mg/kg pentobarbital sodium,
ntravenous (i.v.)] and heparinized (2000 U heparin sodium, i.v.).
he isolated heart was  quickly excised, cannulated rapidly into
he Langendorff perfusion system (AD Instruments, Bella Vista,
SW, Australia), and perfused with HEPES-buffered Tyrode’s solu-
ion (NaCl 130 mM,  KCl 5.4 mM,  CaCl2 1.8 mM,  MgCl2 1 mM,
a2HPO4 0.3 mM,  HEPES 10 mM,  and glucose 10 mM;  adjusted to
H 7.4 with NaOH) through the aorta into the coronary arteries
20–25 mL/min). Isolated hearts were perfused for 20 min  before
urther experimental analysis. Hearts that did not recover regular
pontaneous rhythm or that had irreversible myocardial ischemia
ere discarded.
.3. Monophasic action potential recording
The monophasic action potential (MAP) was recorded with
 custom-made MAP  electrode, which comprised two  0.25-mm
eﬂon-coated silver wires (99.99% purity). Epicardial MAPs were
ecorded at the right ventricular outﬂow tract (RVOT), right basal
entricle (RB), free wall of the right ventricle (RF), right apex (RA),
eft anterior and posterior basal ventricles (LAB and LPB), left ante-
ior and posterior free walls (LAF and LPF), and the left anterior and
osterior apices (LAA and LPA). The paired platinum-stimulating
lectrodes were positioned on the basal surface of the right ventri-
le and delivered regular pacing stimulation (Grass, West Warwick,
I, USA) at a cycle length (CL) of 300 ms  with square-wave stimuli of
-ms duration and amplitudes of three times the diastolic thresh-
ld. The ampliﬁer and band pass ﬁltered between 0.3 Hz and 1 kHz.
he MAP  waveforms were analyzed with Chart 7.0 software.
. Experimental stimulation protocols
.1. Protocol I (n = 15): S1–S2 method
The programmed electrical stimulation (PES) protocol was  used
o examine the ventricular effective refractory period (ERP). Brieﬂy,
ES consisted of an eight-stimulus (S1) drive train followed by a
inth extra stimulus (S2). The CL of the S1 train was less than
00 ms.  The S1–S2 interval was progressively reduced by 10 ms
er cycle until the S2 stimulus could no longer evoke a ventricular
eﬂection. The ERP was deﬁned as the longest S1–S2 interval that
aused loss of ventricular depolarization.
.2. Protocol II (n = 15): S1 dynamic pacing
A dynamic pacing protocol (S1–S1) was performed with a series
f pulse trains at regular pacing cycle length (PCL). The train was
elivered at an initial PCL of 300 ms.  The PCL was decreased to
00 ms  in 20-ms steps and then to 100 ms  in 10-ms steps. The pulse
rain was maintained for 30 s to ensure a steady state, after which
t was interrupted for 30 s to minimize the pacing memory effects.
The VA episodes lasting >30 s were deﬁned as sustained VA
pisodes, and VA episodes lasting <30 s were classiﬁed as nonsus-
ained VA. If VA was induced, then a 5–10 min  interrupted period
as allowed after VA termination for cardiac electrical recovery.
he APD alternans was assessed at each site by subtracting the
PD90 for two consecutive beats [6].  The threshold was deﬁned
s the longest paced CL inducing alternans or VA by paced CL
ecrement.ventricular systolic diameter; LVEF, left ventricular ejection fraction; LVFS, left ven-
tricular fractional shortening.
*p < 0.05 and **p < 0.01 for ISO vs CTL.
3.3. Construction of action potential duration restitution curves
The APD restitution curves were plotted with the APD90 elicited
by S2 against the corresponding diastolic intervals (DIs). The APD90
was deﬁned as the 90% repolarization duration. The DI was deﬁned
as the time interval from the previous APD90 point to the next
initiation point of the action potential, and was  measured as the
S1–S2 interval minus the APD90 of S1 at very short S1–S2 intervals.
Restitution curves were constructed by plotting the APD90 of the
S2 against the preceding DI. Curves were ﬁtted using overlapping
least-squares linear segments and analyzed in 20-ms DI segments
in 5-ms steps, starting from the shortest diastolic interval range
containing data points [7].
3.4. Statistical analysis
All data are reported as the mean ± SEM. Statistical analysis
using the Student’s t-test was performed with SPSS 16.0. A value
of p < 0.05 was  considered signiﬁcant. The APD restitution curves
were analyzed with Origin 6.0 (Microcal Co., Northampton, MA,
USA) for nonlinear curve ﬁtting. The coefﬁcient of variation (COV)
for each site was deﬁned by the dispersion of the maximal slope
(Smax), APD, and ERP in the whole heart (WH), left ventricle (LV),
and right ventricle (RV).
4. Results
4.1. Characteristics of the experimental model
The chronic effects of ISO treatment on the body and organ
weights of the rabbits are shown in Table 1. The body weights were
not signiﬁcantly different between the ISO-induced and CTL groups
before and after injection. However, the heart weight of the ISO
group signiﬁcantly increased (p < 0.05). Echocardiography showed
that the left ventricular septum, diastolic (LVSD), left ventricu-
lar posterior wall (LVPWD), left ventricular end-diastolic diameter
(LVDD), and left ventricular end-systolic diameter (LVSD) were
markedly increased by ISO treatment (p < 0.05). However, the ejec-
tion fraction and fractional shortening of the LV in the ISO group
were signiﬁcantly lower than those in the CTL group (p < 0.01)
(Table 1).
4.2. Effect of chronic isoprenaline on dispersion of the action
potential duration and effective refractory period
The APD and ERP were recorded at 10 sites in the ventricu-
lar chamber. Repolarization shortening was  stably observed at
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centricle (LV) and right ventricle (RV), respectively. The maximal slope (Smax) of th
H,  LV and RV. The threshold of APD alternans (E) and VA (F) was  performed at e
aced  CL decrement from 500 ms to 100 ms  (in 10 ms  steps). *p < 0.01 CTL vs ISO.
ifferent sites throughout the heart in the ISO group. However, the
lterations in APD and ERP showed increased spatial heterogene-
ty, especially in the left posterior wall and apex. The epicardial
entricular dispersion of APD90 (COV-APD90) showed a signiﬁcant
ifference between the CTL and ISO groups at sites through-
ut the WH (CTL: 0.014 ± 0.003, ISO: 0.041 ± 0.006; p < 0.01), LV
CTL: 0.011 ± 0.001, ISO: 0.039 ± 0.006; p < 0.01), and RV (CTL:
.018 ± 0.004, ISO: 0.021 ± 0.008; p > 0.05). Consistently, the ERP
ispersion (COV-ERP) showed the same tendency among sites
n the WH (CTL: 0.042 ± 0.006, ISO: 0.121 ± 0.018; p < 0.01), LV
CTL: 0.047 ± 0.010, ISO: 0.138 ± 0.033; p < 0.01), and RV (CTL:
.036 ± 0.007, ISO: 0.074 ± 0.016; p < 0.01) (Fig. 1).
.3. Chronic stimulation with isoprenaline increases dispersion of
he slopes of the APD90 restitution curvesCompared with the CTL group, chronic stimulation with ISO sig-
iﬁcantly altered the maximal slope (Smax) of the APD restitution
urves at each site in the ventricle (p < 0.01) (Fig. 2 and Table 2). restitution curves (C) and its spacial dispersion (COV-Smax) (D) among the sites in
te. The threshold was  deﬁned as the longest paced CL inducing alternans or VA by
However, the tendency of this alteration differed between sites. The
Smax of the left apex decreased, whereas other sites exhibited the
opposite reaction upon chronic stimulation by ISO. Thus, the spatial
dispersion of Smax (COV-Smax) was  markedly increased in the ISO
group throughout the WH (CTL: 0.166 ± 0.023, ISO: 0.22 ± 0.028;
p < 0.01), LV (CTL: 0.148 ± 0.020, ISO: 0.162 ± 0.010; p < 0.05), and
RV (CTL: 0.060 ± 0.018, ISO: 0.178 ± 0.035; p < 0.01) (Fig. 1).
4.4. Ventricular arrhythmia and alternans threshold is decreased
by chronic stimulation with isoprenaline
In the CTL group, VA was  inducible in 5/15 hearts, and appeared
mostly as non-sustained VA (26.7%, 4/15). By contrast, chronic stim-
ulation with ISO increased VA incidence by dynamic pacing at most
sites in 14/15 hearts (93.3%), and sustained (>30 s) VA were elicited
in nine hearts (60.0%) (Fig. 3). Analysis of the threshold of VA inci-
dence showed that the induced CL was  markedly increased at all
heart sites in the ISO group, especially in the LV. Although less sus-
ceptible to rapid dynamic pacing-induced VA, APD alternans was
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Fig. 2. APD restitution curves in 10 sites of ventricle chamber during control (CTL) and isoprenaline (ISO) group. Right ventricular outﬂow tract (RVOT), right basal ventricle
(RB),  free wall of right ventricle (RF), right apex (RA), left anterior and posterior basal ventricle (LAB and LPB), left anterior and posterior free wall (LAF and LPF), left anterior
and  posterior apex (LAA and LPA).
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Fig. 3. Action potentials were recorded in control (CTL) and ISO group during pacing at cycle length (CL) of 200 ms  (A). APD alternans and ventricular tachyarrhythmias (VA)
were  elicited by S1 dynamic pacing in CTL (B and D) and ISO group (C and E). Compared to CTL, ISO group decreased the threshold of alternans and VA due to the increased
pacing  CL. Sustained VA (>30 s) were occurred at pacing CL of 140 ms  in ISO group.
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Table  2
The maximal slope of action potential duration restitution curves (Smax) in CTL and
ISO groups.
CTL (n = 15) ISO (n = 15)
RVOT 0.91 ± 0.02 1.57 ± 0.03**
RB 1.01 ± 0.02 1.20 ± 0.02**
RF 0.95 ± 0.03 1.16 ± 0.09**
RA 0.88 ± 0.08 1.06 ± 0.03**
LAB 0.71 ± 0.03 1.06 ± 0.02**
LAF 0.74 ± 0.05 1.08 ± 0.03**
LAA 0.92 ± 0.05 0.83 ± 0.05**
LPB 0.71 ± 0.07 0.79 ± 0.04**
LPF 0.74 ± 0.08 1.01 ± 0.04**
LPA 0.98 ± 0.06 0.74 ± 0.03**
CTL, control; ISO, isoprenaline; RVOT, right ventricular outﬂow tract; RB, right basal
ventricle; RF, free wall of the right ventricle; RA, right apex; LAB, left anterior basal
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centricle; LAF, left anterior free wall; LAA, left anterior apex; LPB, left posterior basal
entricle; LPF, left posterior free wall; LPA, left posterior apex.
*p < 0.01 for ISO vs CTL.
bserved at each site in the CTL group, but the induced CL was
igniﬁcantly lower than that in the ISO group (Fig. 2). This sug-
ested that the threshold of alternans was decreased by chronic
timulation with ISO.
. Discussion
.1. Main ﬁndings
The present study investigated the effect of chronic ISO stimula-
ion on cardiac restitution and arrhythmia in the isolated heart. We
ound that: (i) Smax of the APD restitution curve was signiﬁcantly
ltered at distinct sites of the ventricular chamber, and the spa-
ial dispersion of Smax was greatly increased by chronic stimulation
ith ISO; (ii) chronic stimulation with ISO increased the spatial dis-
ersion of APD and ERP; and (iii) VA was facilitated by the effects
f ISO chronic effect.
.2. Isoprenaline, action potential duration restitution, and
lternans
ISO acts through -adrenergic receptors and activates adeny-
ate cyclase (AC). And then, the intracellular cyclic adenylic acid
cAMP) level increases, which in turn activates protein kinase A.
any studies show that -adrenergic stimulation may increase
iastolic [Ca2+]i and reduce the sarcoplasmic reticulum (SR) Ca2+
ontent and SR Ca2+-ATPase activity in cardiomyocytes by increas-
ng the ICa,L trigger or the SR Ca2+ load [8–22]. Shen showed that
oth coupling ﬁdelity of single-couplon (or single Ca2+ release unit)
nd evoked Ca2+ spark amplitude were increased signiﬁcantly by
soprenaline treatment [8].  These effects may  ﬁnally result in Ca2+
verload and inactivation of the diastolic currents, including ICa,
he Na+–Ca2+ exchange current, and other Ca2+-sensitive currents.
Ca2+]i dynamics has been demonstrated to play an important role
n APD restitution. Greater [Ca2+]i accumulation has been shown
o occur when the APD restitution slope exceeds 1 during dynamic
acing, and the restitution curve is ﬂattened by suppressed SR Ca2+
ycling [10,11]. During chronic stimulation with ISO, the balance
f APD and the previous phase of DI could be shifted, and the
PD restitution curve would be steepened due to the increased
Ca2+]i.
Although the cellular mechanism for action potential alternans
s complicated and has not been completely elucidated, there is
onvincing evidence for a primary role of SR Ca2+ cycling. Previ-
us studies show that suppressing Ca2+ cycling by inhibiting either
he ryanodine release channel (RyR) or SR Ca2+ ATPase (SERCA2a)
an cause alternans of intracellular Ca2+ cycling, thereby directlylogy 61 (2013) 162–168 167
implicating Ca2+ cycling in the mechanism of beat-to-beat alter-
nans of the action potential [12–16].  Thus, ISO possibly facilitates
APD alternans by disabling SR Ca2+ cycling. In the present study, the
threshold of APD alternans was  greatly decreased by chronic stim-
ulation with ISO during dynamic pacing. Goldhaber et al. strongly
support a key role for [Ca2+]i instability in the APD alternans elicited
by rapid S1 pacing. In their proposed dynamic protocol, sustained
rapid pacing enhances SR Ca2+ cycling and increases [Ca2+]i ﬂux,
which ﬁnally disables SR Ca2+ handling and Ca2+ release in normal
myocytes [11]. Therefore, the heart, under the long-term effects of
ISO, may  be susceptible to cellular action potential alternans during
rapid S1 pacing.
5.3. Isoprenaline and ventricular arrhythmia
Acute administration of ISO accelerates the sinus node and,
during electrophysiological studies, facilitates the induction of
supraventricular and ventricular tachycardia [17,23].  However, the
chronic effect of ISO on cardiac electrophysiology and arrhythmia
has been largely unexamined. Meng et al. reported that the long-
term application of ISO could lead to myocardial injury through
intracellular Ca2+ overload [1].  Therefore, we hypothesized that
there is a close relationship between the chronic effect of ISO and
APD restitution or alternans. The latter can indicate vulnerability
to ventricular ﬁbrillation, and the occurrence of steep restitution
slopes (>1) could promote APD alternans and the breakup of elec-
trical waves into a ﬁbrillation-like state [3,4,18,19].  In the present
study, the slope of the APD restitution curves at each site of the
heart was steepened by chronic stimulation with ISO except the
apex of left ventricle. However, the spatial dispersion of the slope
was greatly increased by chronic stimulation with ISO in ventricular
chamber.
Although APD restitution is important for the induction and
maintenance of arrhythmia, the Smax alone could not fully
account for the higher inducibility of cardiac ﬁbrillation. One
possible explanation is that non-uniform restitution promotes
greater heterogeneous refractoriness across the heart. Pak et al.
demonstrated that a higher incidence of ventricular tachycar-
dia/ﬁbrillation (VT/VF) was  due to the spatial difference in the
slope between the RVOT and the right apex [20]. Lu et al. also
reported that the slopes of restitution were ﬂattened (Smax < 1)
by vagal stimulation, but atrial ﬁbrillation was facilitated, and
was associated with the increased spatial dispersion of Smax [21].
These results, which reﬂect APD restitution at a single site, may
not represent the APD restitution kinetics of the whole heart
chamber.
5.4. Chronic effects of isoprenaline and the animal model
Excessive levels of circulating catecholamine cause myocar-
dial hypertrophy, myocyte damage, and cardiomyopathy. ISO acts
through -adrenergic receptors, augmenting the consumption of
oxygen and depletion of ATP, and causes severe stress in the
myocardial tissue and produces sheets or conﬂuent lesions in
the hearts. Previous studies used various doses and time courses
of ISO to induce cardiac hypertrophy or heart failure [1,2,5].
ISO-induced cardiac hypertrophy is reliable, reproducible, and
associated with arrhythmia, myocytes loss, and ﬁbrosis, with pro-
gression to heart failure. Krenek et al. showed that 1 week of
treatment with ISO (5 mg/kg/d) resulted in cardiac hypertrophy
and dysfunction of the left ventricle in a rat heart failure model,
which showed similarities to end-stage human heart failure – cat-
echolamine overload [2].  In the present study, we  also observed
the signiﬁcant alteration of morphology in ISO chronic stimulated
heart.
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.5. Study limitations
First, we determined the chronic effect of ISO on cardiac restitu-
ion and arrhythmogenesis. Although the time course of this effect
as deﬁned as 7 days, its long-term effects at other time points are
nknown. Second, although the data showed that the APD restitu-
ion and alternans were greatly altered by chronic stimulation with
SO, and that these alterations may  correspond to disabled Ca2+
ycling, we did not elucidate the exact intracellular mechanisms
nvolved. Third, the drivers of arrhythmia need to be investigated
y electrical mapping to elucidate how the reentry mechanism
s related to spatial heterogeneity. Fourth, chronic ISO-stimulated
abbit heart has similarities to catecholamine overload-related
lectrophysiological alteration, but the emphasis of our model rests
n a single factor. Multiple factors contribute to arrhythmogenesis
n human cardiac dysfunction, catecholamine overload is just one
f them.
. Conclusions
The present study demonstrated the relationship between the
ffect of chronic stimulation with ISO and altered APD restitution.
e showed that the increased spatial heterogeneity of restitution
ay  be closely related to ventricular arrhythmogenesis.
onﬂict of interest
None declared.
unding
This work was supported by National Key Basic Research Devel-
pment Program of China (The “973” Program) (grant number:
012CB518604) and Fundamental Research Funds for the Central
niversities, China (grant number: 201130202020023).
cknowledgments
Mu Qin and Tao Liu contributed equally to this work.
eferences[1] Meng D, Feng L, Chen XJ, Yang D, Zhang JN. Trimetazidine improved Ca2+
handling in isoprenaline mediated myocardial injury of rats. Exp Physiol
2006;91:591–601.
[2]  Krenek P, Kmecova J, Kucerova D, Bajuszova Z, Musil P, Gazova A, Ochodnicky P,
Klimas J, Kyselovic J. Isoproterenol-induced heart failure in the rat is associated
[logy 61 (2013) 162–168
with nitric oxide-dependent functional alterations of cardiac function. Eur J
Heart Fail 2009;11:140–6.
[3] Garﬁnkel A, Kim YH, Voroshilovsky O, Qu Z, Kil JR, Lee MH,  Karagueuzian HS,
Weiss JN, Chen PS. Preventing ventricular ﬁbrillation by ﬂattening cardiac resti-
tution. Proc Natl Acad Sci USA 2000;97:6061–6.
[4] Weiss JN, Chen PS, Qu Z, Karagueuzian HS, Garﬁnkel A. Ventricular ﬁbrillation:
how do we  stop the waves from breaking? Circ Res 2000;87:1103–7.
[5] Kim N, Chung J, Kim E, Han J. Changes in the Ca2+ activated K+ channels of
the  coronary artery during left ventricular hypertrophy. Circ Res 2003;93:
541–7.
[6] Banville I, Chattipakorn N, Gray RA. Restitution dynamics during pacing
and arrhythmias in isolated pig hearts. J Cardiovasc Electrophysiol 2004;15:
455–63.
[7] Taggart P, Sutton P, Chalabi Z, Boyett MR,  Simon R, Elliott D, Gill JS. Effect
of adrenergic stimulation on action potential duration restitution in humans.
Circulation 2003;107:285–9.
[8] Shen JX. Isoprenaline enhances local Ca2+ release in cardiac myocytes. Acta
Pharmacol Sin 2006;27:927–32.
[9] Shen JX, Wang S, Song LS, Han T, Cheng H. Polymorphism of Ca2+ sparks
evoked from in-focus Ca2+ release units in cardiac myocytes. Biophys J
2004;86:182–90.
10] Tseng GN. Calcium current restitution in mammalian ventricular myocytes is
modulated by intracellular calcium. Circ Res 1988;63:468–82.
11] Goldhaber JI, Xie LH, Duong T, Motter C, Khuu K, Weiss JN. Action potential
duration restitution and alternans in rabbit ventricular myocytes. The key role
of  intracellular calcium cycling. Circ Res 2005;96:459–66.
12] Davey P, Bryant S, Hart G. Rate-dependent electrical, contractile and restitution
properties of isolated left ventricular myocytes in guinea-pig hypertrophy. Acta
Physiol Scand 2001;171:17–28.
13] Diaz ME, O’Neill SC, Eisner DA. Sarcoplasmic reticulum calcium content ﬂuctu-
ation is the key to cardiac alternans. Circ Res 2004;94:650–6.
14] Wan X, Laurita KR, Pruvot E, Rosenbaum DS. Molecular correlates of repolar-
ization alternans in cardiac myocytes. J Mol  Cell Cardiol 2005;39:419–28.
15] Sato D, Shiferaw Y, Garﬁnkel A, Weiss JN, Qu Z, Karma A. Spatially discord-
ant alternans in cardiac tissue: role of calcium cycling. Circ Res 2006;99:
520–7.
16] Weiss JN, Karma A, Shiferaw Y, Chen PS, Garﬁnkel A, Qu Z. From pulses to
pulseless: the saga of cardiac alternans. Circ Res 2006;98:1244–53.
17] Brembilla-Perrot B, Muhanna I, Nippert M,  Popovic B, Beurrier D, Houriez P,
Chaise AT, Claudon O, Louis P, Abdelaal A, State S, Andronache M, Suty-Selton
C.  Paradoxical effect of isoprenaline infusion. Europace 2005;7:621–7.
18] Keldermann RH, Tusscher KH, Nash MP,  Hren R, Taggart P, Panﬁlov AV. Effect
of  heterogeneous APD restitution on VF organization in a model of the human
ventricles. Am J Physiol Heart Circ Physiol 2008;294:H764–74.
19] Tusscher KH, Panﬁlov AV. Alternans and spiral breakup in a human ventricular
tissue model. Am J Physiol Heart Circ Physiol 2006;291:H1088–100.
20] Pak HN, Hong SJ, Hwang GS, Lee HS, Park SW,  Ahn JC, Moo  Ro Y, Kim YH.  Spa-
tial  dispersion of action potential duration restitution kinetics is associated
with induction of ventricular tachycardia/ﬁbrillation in humans. J Cardiovasc
Electrophysiol 2004;15:1357–63.
21] Lu ZB, Cui B, He B, Hu XR, Wu W,  Wu L. Distinct restitution properties in vagally
mediated atrial ﬁbrillation and six-hour rapid pacing-induced atrial ﬁbrillation.
Cardiovasc Res 2011;89:834–42.
22] Takano Y, Ueyama T, Ishikura F. Azelnidipine, unique calcium channel blocker
could prevent stress-induced cardiac dysfunction like . blocker. J Cardiol
2012;60:18–22.
23] Omiya T, Shimizu A, Ueyama T, Yoshiga Y, Doi M,  Hiratsuka A, Fukuda M,
Yoshida M,  Matsuzaki M.  Effects of isoproterenol and propranolol on the
inducibility and frequency of ventricular ﬁbrillation in patients with Brugada
syndrome. J Cardiol 2012;60:47–54.
